Abstract
The concept of a carbon/air fuel cell is based on direct carbon conversion. The process is similar to that of a hydrogen fuel cell but differs in using carbon instead of hydrogen as a fuel. The fuel, carbon, would be in form of fine particulates (~100 nm) to facilitate mass transfer. Carbon would be distributed by entrainment in a flow of CO 2 to the cell to form, for example, slurry of carbon in a melt -the melt being the anode of the fuel cell [2] . Because the carbon/air fuel cell sustains the reaction, C + O 2 = CO 2 , a pure stream of CO 2 would emerge. This would lead to facile sequestration of CO 2 without additional collection and separation costs. Nevertheless, the concept of an indirect carbon-air fuel cell, patented by Imperial College London, has been proposed [3] . The overall aim of this project is to demonstrate the feasibility and development of this type of fuel cell. The concept of Liquid Tin Anode 'Indirect' Carbon-Air Fuel Cell (LTA-ICFC) is presented in Figure 1 . Figure 1 demonstrates a schematic of the fuel cell coupled to 'ex-cell' combustion reactor in which carbonaceous particles are oxidised to CO 2 by dissolved oxygen in molten metal. The key challenges that have been received significant attentions comprise: minimisation of Ohmic losses: design and construction of reactor and electrolyte: anode-reactor and anode-electrolyte interaction: and prevailing polarisation losses in the operational fuel cells.
The core aim of the research is dedicated to the electrochemical reactor. In this paper, the study of the electrochemical processes occurring in the fuel cell from obtained electrochemical data from impedance spectroscopy is presented. To extract model parameters from impedance spectra, electrochemical software that provides common Equivalent Circuit Models was used. 
EXPERIMENTAL DATA

2.1
The experimental set up used to study current density effect on time dependent growth of SnO 2 In Figure 2 ,the fuel cell set up comprises closed-one-end tubular YSZ electrolyte (10 mol% Y 2 O 3 , McDanel, USA) with a 6.35 mm outside and 4.78 mm inside diameter with a 3.05 mm diameter graphite rod current collector (Alfa Aesar, UK), and approximately 4 kg of analytical grade tin (>99.99 wt%, Merck Chemicals Ltd.). Both Alumina crucible (fuel cell supporter) and alumina tubing were purchased from Almath Crucibles Ltd., UK with diameter of 80 mm and ~3 mm outside diameter, respectively. Cathode materials are LSM/YSZ and LSM as well as ink vehicle were purchased from Fuel Cell Material.com, USA.
Experimental process steps
1) After completion of typical OCV measurements and cell performance test of cell 1 (working fuel cell) and cell 2 (reference fuel cell), cell1 was connected to an assigned load and cell 2 was kept under no load condition. This experimental work was set with different conditions for both cells in order to determine the resistive changes as results of formation and dissolution of SnO 2 as a function of time at the liquid tin/YSZ interface at cell 1. While cell 1 was being investigated changes under load, cell 2 was also synchronously measured OCV to monitor the oxygen concentration changes in the liquid tin.
2) The fuel cell was assembled and closed. Then the furnace temperature controller was programmed to the working temperatures from 700-800 °C. The heating/cooling rates were controlled at lower than 3°C/min in order to avoid cracking of the ceramics as a result of temperature gradients.
3) After reaching the melting point of tin (232.1 °C), He and Air valves were switched on and Air valve was kept open until the end of the experiment. For impedance measurements, He valve was closed prior to the measurements. The air flow fed to the cathode was set at 10ml/min. Two alumina tubes were used for inlet gas delivery into the anode chamber. OCV of the cell was monitored and recorded at a constant temperature and gas flow rate.
4) The fuel cell was connected to a Metroohm Autolab Potentiostat for impedance spectroscopy measurements to obtain the initial series resistance of the cell using NOVA 1.7 software to record the data. 5) A constant resistance was set at the resistance box and then connected to the cell1 at both electrodes. The data were monitored and recorded through the Agilent multi-meters with USB connectors to a computer. Each experiment was conducted for longer than 15 hours to ascertain that the oxygen ions/tin oxide layer accumulation at the liquid tin/YSZ electrolyte interface was stable. This step was done in order to study the effect of current density drawn from the fuel cell to the rate of formation/ dissolution the tin-oxide layer that was expected to affect the resistive changes of the working fuel cell. 6) A second electrolyte was used to monitor the change of oxygen solubility in the liquid tin bulk when current is drawn from the cell1 This second electrolyte, so called cell 2, was an important means to independently determine the actual oxygen concentration (using OCV values) in the liquid tin anode in order to compare to the voltages of the cell1. 7) After 15 hours, the working fuel cell was disconnected from the resistance box and immediately was conducted the impedance measurements. The impedance spectra were recorded every 10-30 minutes until the cell's voltage stepped back to the OCV or considerably close. 8) i-V or polarization measurements were carried out thereafter and recorded as the cells' performance after long operation. The impedance spectra obtained after the cell1 was disconnected from an external circuit with a resistance of 10 Ω at 700-800°C are presented in Figures 3-5 , respectively. While the voltage of the cell1 were recovering to its OCV, an impedance spectra was collected approximately every 10-30 minutes depending on the progress of the cell1's voltage. Toward the end of the impedance measurements at each temperature, the voltage of cell 1 increased fairly slowly, the impedance measurements were therefore collected at longer intervals.
RESULTS AND DISCUSSION
Electrochemical Impedance Spectroscopy (EIS) in voltage recovering mode
Impedance measurements of the fuel cell were carried out periodically after the fuel cell was disconnected from an external load resistor. Impedance spectra were measured in potentiostatic mode in the frequency range of 0.1-100 kHz, with the current range of 100 mA and amplitude of 10 mV (rms). Nyquist plots of the impedance spectra of the fuel cell at 700-800 °C are presented in Figures 3-5 , respectively. The changes in impedance spectra in Figures 3 are presumed to be associated with the anodic reactions/ processes since the pO 2 in the cathode input stream was kept constant at 0.21 atm (air). Therefore the changes of the impedance spectra measured after a complete cycle given in Figure 3 corresponded to the changes of the anode side i.e. the formation of a SnO 2 layer at the surface of the YSZ electrolyte, according to the oxidation of Sn, Eq. (1): Figures 4-5 also demonstrate impedance spectra obtained from the cell1 after the polarisation test was done at 750 and 800 °C. After completion of a polarisation experiment, the external load was unconnected, and the impedance spectra of cell1 were instantly measured and recorded periodically as same as at 700°C at every 10 mins at the first few hours and then every 20-30 mins depending on the extent of the change of the cell voltage.
Small semicircles can be observed in the high-frequency range and the Warburg impedance can be seen in low-frequency range as a 45° line or less in the set of the impedance spectra. After 30 mins of measurement the spectra show that the diffusion polarisation was dominated. Whilst the cell voltage ascending back to just below its OCV, the impedance spectra eventually became semicircle loops again with a smaller Warburg impedance. Since the diffusion polarization, to some extent, affected the developing characterization of cell voltage, the Warburg impedance of each spectra at different conditions were analysed using the Electrochemical Impedance Analyser (EIS) software. The calculated diffusion coefficients derived from the Warburg impedance from all measuring temperatures are subsequently presented as a function of time, in the EIS analysis section.
EIS Analysis
The "best-fitted" equivalent circuit for the impedance spectra in Figures The equivalent model comprises 7 components: L1, R1, R2, R3, CPE1, CPE2, and W1. The meanings of these elements are as follow:
(1) L1, inductance resulted from instrument (2) R1, resistor to fit ionic loss that is mainly evolved from the resistance of the electrolyte (3) R2, resistor to fit the kinetic loss or charge transfer resistance (4) R3, resistor to fit mass transport loss (5) CPE1 constant phase elements to fit the relaxation time of charge-transfer process (6) CPE2, constant phase elements to fit the relaxation time of diffusion process and (7) W1, the Warburg impedance, created by the diffusion of the oxide ions through SnO 2 and liquid tin anode.
The deconvoluted impedance parameters were obtained by fitting the data displayed in each line of the Nyquist plots in Figures 3-5 in the EIS analyser. All parameters are listed in Tables 1-3. In Tables 1-3 , there are various dependent variables of each individual Equivalent element in the circuit. These variables can be explained as follows:
• Y 0,1 and Y 0,2 are the capacitance of CPE1 and CPE2 , respectively • n 1 and n 2 are n-value of the capacitance of CPE1 and CPE2, respectively.
• A w is the Warburg coefficient of W1 It is likely that the inductance is the results of ~40-50 cm of unshielded Ag wire and wool that is used as lead to the cathode. The average inductance of apparatus at 700, 750, and 800 °C are 3E -6 , 5.5E -6 , and 4E -6 Henry, respectively, which are probably varied due to the variation of the length of Ag wire and the amount of Ag wool used. The relationship between the inductance of an inductor and the length and/or number of turns of the material used can be expressed in the following equation:
where L is the inductance in henries (H), µ0 is permeability of free space = 4π.E-07 H.m-1, µr is relative permeability of core material, N is number of turns/number of wire wraps, A is area of cross-section of the coil in square metres (m2), and l is the length of the coil in metres (m). In addition to the dimensions of the coil (Ag wire) used, coil area (as measured at the cross-section of the core and core material (which is, in this case, SS316) factors can also affect the inductance created [7] . But since the SS316 with 1/8" o.d. was always used as the core, these latter factors were then ignored. Unlike inductance of a conductor material, the resistance seems to be more influenced with operational temperatures; for example: silver's temperature coefficient is 0.0038 Ω.°C-1 [6] . Therefore, temperature may not be expected to affect the inductance as much as the resistance of the cell.
From the results in Tables 1-3 , the R1 component is assigned to the ohmic resistance. The parallel combination of R2Q1that appears as a semi-circle at the high-frequency region is ascribed to the kinetic or charge transfer resistance, based on the fact that R2decreased when the operating temperature was raised. This is because the kinetics of O 2 reduction is faster at higher temperature [8] .The ohmic loss in this cell at 700-800 °C were higher than expected from the R YSZ values for the 1.6 mm electrolyte (0.36, 0.23, and 0.16 Ω at 700-800 °C, respectively), possibly due to poor electrical connections of the silver lead wire and wool. Impedance data presented previously demonstrated that the ohmic resistance of the cell remained unchanged after completing the polarization test but the non-ohmic resistance increased dramatically (as can be seen at the impedance spectra measured while the cell voltage was recovering to its OCV), because of the barrier to diffusion of the oxide ions from the electrolyte.
Additionally, the R2Q1 component is also controlled by the charge-transfer process at the YSZ/LTA since the CPE component in this region is dependent on oxygen pressure but the oxygen pressure was kept constant at 0.21 atm, Therefore, the changes of R2 and CPE1 are due to the magnitude of SnO 2 , and the O 2-to travel across the LTA-YSZ interface and then react with liquid tin.As the first combination of the circuit elements is attributed to the charge transfer resistance, the second combination of circuit elements is attributed to the presence of mass transport losses, while the 45° line (i.e. Warburg element) is due to the ion diffusion through the SnO 2 layer and liquid tin anode.
The results in Tables 1-3 illustrate that R1 is invariant with the measured recovery time in comparison to R2 and R3 which show significant variations in line with the relative changes of the cell voltage after removal of the load at 700-800 °C. All the resistances R1, R2, and R3 decreased when the temperature increased. However, R1 at 750 °C appear to be close to that of at 800°C, which can be explained as a result of poor electronic connection of the lead wire.
A resistance, R2, is caused by a single kinetically controlled electrochemical reaction Eq. (3). Considering the liquid tin in contact with the YSZ electrolyte the 2O2-transferred across the YSZ electrochemically dissolve into the liquid tin forming SnO2 or Sn[O]2(l) and 4e-charge is being transferred. The charge transfer reaction has a certain rate. The rate depends on the kind of reaction, the temperature, the concentration of the reaction products and the potential [9] .
When the overpotential, η, is very small and the electrochemical system is at equilibrium, the express for the charge transfer resistance is given as shown in Eq. (3):
where R ct is the charge-transfer resistance, which is equivalent to R ct , R is molar gas constant, T is absolute temperature, n is the number of electron involved in the reaction, and i 0 is the exchange current. Extracting from the model, R2 or R ct , can be used to calculate the exchange current density for cell 1 at 700-800 °C. The exchange current at different conditions are calculated and plotted in Figure 7 showing the highest value at 800 °C. The exchange current/ideally current density calculated from R ct at 700-800 °C The mass transport resistances at different temperatures, R3, show a slower increasing rate as the cell voltage rising. It is clearly seen that the mass transport resistance is the major cause for slowing down fuel cell's recovering voltage when the fuel cell is operating in the battery mode.
The formed SnO 2 layer is assumed to be the barrier for charge-transfer processes and a cause of the mass transport loss. It is useful to estimate the thickness of the SnO 2 or Sn[O (l) ] x film as a function of time at each temperature by calculating the capacitance, Y 0,2 , obtained from the model. Since the tin-oxide, SnO 2 , is assigned as the reaction product formed as a dielectric layer at YSZ/liquid tin interface, Y 0.2 or the capacitance, C, of CPE2 can be considered the capacitance of the dielectric layer. The equation for capacitance of the oxide film is then given as:
where C is the capacitance = Y 0,2 listed in Tables 1-3, ε o is permittivity of free space (NIST calls it simply the "electric constant") = 8.854E -12 F.m -1 [10] , ε r is dielectric constant (relative electrical permittivity) = 12.
A is surface of the YSZ electrolyte = 23.14 cm 2 , and d is the thickness of SnO 2 layer to be calculated.
A support for this assignment is further provided by the n values of Q2 which are close to unity [9, 12] (>0.75) where the impedance spectra contain ~45° contours. The SnO 2 , like many other oxide phases which have no activity for oxygen reduction behaves like an ideal capacitor to give an n value of unity [12] .
When the SnO 2 film was formed, the capacitance of the fuel cell coincidently evolved. The capacitance of the oxide film is one part of the capacitance in the system. Apart from that, the space charge regions (between SnO x and the liquid tin/tin ions) where the SnO 2 dissociates can also be considered as another part of the capacitance, i.e. Y o of CPE1. But only the capacitance of CPE2 in the proposed equivalent circuit can be used to calculate the estimated thickness of the oxide layer. The results in Tables 1-3 show that the capacitance is higher at higher temperature [13] ,which could be expected since the oxygen solubility at 800 °C is higher than at 700 and 750 °C leading to thinner layers of tin oxide.
Analysis of the Warburg impedance (W1) from the impedance spectra
After approximately 0.5 hour of disconnecting from the resistor, the impedance spectra show the clear presence of a Warburg impedance, which corresponds to the diffusion of oxide ions diffusing through the SnO 2 layer. Impedance created by diffusion is called Warburg impedance, which is dependent on the frequency of the potential perturbation. The Warburg-impedance at low frequencies is higher than at high-frequencies because the reactants have to diffuse farther [9] . In the LTA-ICFC, the Warburg-impedance could be a result of the diffusion of oxide ions through YSZ/LTA interface and tin oxide layer. The equation for "infinite" Warburg impedance is [9, 15] :
in which ω is radial frequency, σ is the Warburg coefficient obtainable from fitting the impedance spectra to the equivalent circuit, Ohm.s -0.5 . In the EIS analyser used the σ is represented as A W .
The general expression of the Warburg element and its impedance can also be written as
C O and Do represent the oxygen solubility and diffusion coefficient of the oxide ions, A is the electrode area, n is the number of electrons in involved in the reaction, F is Faraday constant , and R is molar gas constant, and T is absolute temperature.
Using, the Warburg coefficient, A W (σ in Eq. (6)), obtained from fitting the impedance spectra to the equivalent circuit for W1 (given in Tables 1-3) , and Do calculated from [4] and [14] , C O can be computed from Eq. (7). The C O results are then compared to maximum oxygen solubility in the liquid tin re-calculated from at%O or wt%O provided in literature [5] . The results of C O that applied 2 different D O from 2 different references [4, 14] are presented in Figure 8 as a function of temperature.
Because the oxygen solubility in liquid tin at higher temperature is higher, the solubility at 800 °C is expected to have the highest value. By using the A w (Warburg coefficient) , obtained from fitting the W1 element in the proposed equivalent circuit, to calculate the actual oxygen concentration in the tin, the calculated oxygen concentrations presented as a function of temperature from 700-800 °C are displayed in Figure 8 . The actual minimum concentration of tin oxide/oxygen ions (where the A W is highest) in liquid tin that was detected at 700, 750 and 800 °C are 4.8-7.2E -9 , 8.4E -9 -1.2E -8 , 9E -9 -1.3E -8 mol.cm -3 , respectively. This confirms that operating the LTA-ICFC at higher temperature is more suitable to prevent the formation of SnO 2 that causes the higher mass transport loss. Not only is the mass transport resistance decreased by operating at higher temperature, but the ionic resistances also shows lower values leading to better performance of the cell.
CONCLUSIONS
Electrochemical Impedance Spectroscopy (EIS) analyser was used to determine the deconvoluted impedance parameters acquired at 700, 750 and 800 °C which had been the lacking data for analysis of this type of fuel cells. Also, the average ohmic resistance and the maximum overall resistance of the LTA-ICFC were acquired at the elevated temperatures in this work. Even though the stage of recovering voltage of the fuel cell was found to be sluggish at the plateau/shoulder regions, from the EIS fitting, it was significantly discovered by the authors that mass transportrelated loss is the major loss of the fuel cell in battery mode. If a fuel is used in order to reduce the oxide products the plateau regions of fuel cell voltage in recovering stage should not exist.The increase of the Warburg impedance concurrently with the resistance to fit mass-transport loss (R3) suggests that the rate-limiting step for the LTA-ICFC in voltage recovery mode is the diffusion of the oxide ions through SnO 2 layer. The increment of mass transport lost, R3, of the cell causes the slowly increase of the cell's voltage over the voltage from 0.7-0.8 V at 700, 750, and 800 °C. The charge-transfer resistance did not show considerable different values in the range of 700-800 °C as compared to other research work which conducted experiments using other types of fuel cells. This can be implied that the charge-transfer resistance is not the rate-limiting step of the transport processes of the liquid tin anode fuel cell.
